Introduction
The relative susceptibility of newborn infants to bacterial infections, particularly those of gram-negative etiology, is well known but poorly understood. Despite recent advances in antimicrobial therapy, the mortality rate in this country for infants with gram-negative scpticemia approximates 50% [15] .
Many investigators have attempted to discern the cause of the poor clinical response of neonates to bacterial infection. In recent years, considerable attention has been focused upon the functional status of the neonatal response in such inflammatory events as phagocytosis [2, 4, 10, 13, 16, 18, 26] and intracellular killing [5, 7] of ingested microorganisms. Few studies, however, have been made of the multiple factors which influence such events of the neonatal inflammatory response as margination and adherence of leukocytes to vessel walls, diapedesis to the extravascular space, and directed migration toward the infecting microorganism. The degree and rate of this migration are dependent, at least in part, upon the complement-mediated cellular response of chemotaxis [8] .
In the study reported here, the cellular and humoral components of the chemotaclic response in neonates were compared with those found in adults. The newborn infant was found to be deficient in both aspects of the chemotactic response. Immune adherence activity [21] was also studied and found not to differ between neonates ami adults. 
Materials and Methods

Leukocyte Suspensions
Ten milliliters of heparinized (50 U. S. P. units) venous blood were drawn from 3-to 5-day-old newborn infants who weighed at least 2500 g and were apparently well. Similar samples were drawn from adults in apparent gooil health. Leukocyte suspensions were prepared from these samples as previously described [18] with the exception that the final polymorphonuclear leukocyte (PMNS) concentration of 5 X 10° PMNS/ml was made up in standard tissue culture media (TCM) [31] . The TCM was supplemented by the addition of fetal calf serum. Final concentration of calf serum was 10%. Prior to use, all medium was heated at 56° for 1 hr.
Generation of Clicmotactic Factors
Chemotatic factor (CF) was generated from fresh whole serum of neonates and adults with bacteria or an antigen-antibody complex as the stimulating agent. For bacterial stimulation, aliquots of 18-hr broth cultures of either Staphylococcus aureus or Escherichia coli were washed and resuspended to an optical density of 1.0 at 650 ni/x. Fresh serum, 0.4 ml, was heated for 5 min at 37" and then incubated with 0.4 ml of a bacterial suspension for 5 min at 37° followed by 30 min at 5G°. Following this, the volume of the mixture was brought up to 3 ml by the addition of TCM. For generation of CF with antigen-antibody complex, a pool of rabbit anti-human albumin was heat-inactivated at 56°f or 60 min. The same pool was used for all experiments. One milliliter of 5% human albumin in TCM was incubated with 0.2 ml of the rabbit anti-human albumin at 37° for 5 min and then at 56" for 30 min. The volume was then brought to 3 ml by addition of TCM.
Chcniolactic Assay
A modification of the Koydcn assay [1] was used. A membrane (3 ^ pore size) was placed in a tissue culture chamber [32] . The lower portion of the chamber was filled with a source of CF, and 0.5 ml of a PMNS suspension was placed in the upper portion of the chamber (Fig. 1) . The chamber was then incubated at 37° for 3 hr. Following incubation, the filter was removed and stained with hematoxylin and eosin [33] or the serum source of CF, the cellular and humoral components of the chemotactic response could be individually evaluated. The method is highly reproducible using this technique (sec Results below).
Immune Adherence Titers
The procedure of Nishioka [22] was used to measure serum complement immune adherence activity. Sensitized sheep crythrocytes were used to form the antigen-antibody-complement complex. The indicator cells were human, group O, Rh+ erythrocytes.
Results
The addition of 10% heat-inactivated fetal calf serum to the TCM was found to yield more consistent results in all assays. The material was placed on both sides of the membrane to minimize the creation of a chcmotactic gradient due to factors which might be generated from the calf serum. Control preparations were run with each experiment. These consisted of TCM and fetal calf serum in the lower chamber only, and yielded no significant chemotactic activity.
Reproditcibility of Method
To demonstrate the reproducibility of the method, the chemotactic assay was performed five times on the same leukocyte suspension and source of chemotactic factor (generated with albumin-antialbumin complex). The average number of PMNS/HPF for each of the five preparations showed close agreement (Fig. 2) ; furthermore, the counts of the 10 fields chosen at random in determining the average of each of the five preparations fell within a normal distribution and were arranged closely around the mean in each case.
Leukocyte Chemotaxis
For these studies the ability of PMNS from neonates to move toward CF generated from pooled, normal scrum was compared with PMNS from adidts. Each neonatal PMNS preparation was matched with a control PMNS preparation from one of a number of normal adult donors run at the same time. Neonatal leukocytes showed a consistent and marked deficiency in response to CF generated from S. aureus, E. coli, or albumin-antialbumin (Fig. 3) .
Generation of CF
In these experiments, the ability of CF generated from neonatal and adult sera to stimulate migration of a normal leukocyte suspension was compared. The data shown are those obtained with PMNS from one adult donor. These are representative of those obtained with PMNS from other normal adult donors. A somwhat smaller but obvious difference was seen between the amounts of effective CF generated from neonatal sera and that from adult sera (Fig. 4) . The difference was also found with all three generating agents.
To rule out the possibility that neonatal PMNS might show improved chemotactic activity in the presence of CF generated from autologous serum, several such experiments were carried out. Chemotactic response of neonatal PMNS incubated with CF generated from autologous serum was compared with that obtained wherTneonatal PMNS were incubated with CF generated from adult control serum. No improvement was seen.
Immune Adherence
No difference was found in serum complement immune adherence activity between neonatal and adult sera. Titers for both groups fell within the range of 1:2560-1:5120.
Discussion
These studies demonstrate deficiencies of both the humoral and cellular components of the chemotactic response of the human neonate. The results parallel previous data reported from this laboratory which demonstrated relative deficiencies of humoral and cellular components of the phagocytic process [18] . In the earlier studies of phagocytosis, the cellular deficiency was apparent only when the experiments were carried out in dilute plasma concentrations (2.5% or less). In the present studies, however, the cellular defect of neonatal PMNS in chemotaxis was far more apparent.
The mechanism by which leukocytes undergo chemotactic migration is presently unclear. Ward and Becker [29] have recently shown that two cell-bound serine esterases are required for cellular chemotaxis (leukotaxis). One of these esterases exists in, or on, the leukocyte in an activated state. The other is enzymatically inert and becomes activated following interaction with the complement system. Qualitative or quantitative deficiencies of one, or both, of these esterases might explain the deficient chemotactic response by the neonatal leukocyte.
It is possible that the cellular defects in phagocytic and leukotactic activities found in the neonatal PMNS may be related to developmental immaturity-of common biologic mechanisms. In support, Pearlman, Ward, and Becker [23] have shown, by the use of a panel of phosphonate esters, that complement-dependent erythrophagocytosis can be inhibited in a manner similar to that seen for inhibition of leukotaxis. This suggests that the same enzyme activation may be involved in both phagocytosis and chemotaxis. Bryant, DesPrez, and Rogers [3] have shown that phagocytosis may divert cellular energy stores from motility to the functions of particle ingestion and destruction. There may, thus, be a common developmental denominator for leukotactic and phagocytic activity of cells. Alternatively, however, it appears that PMNS which are deficient in chemotactic activity can exhibit normal phagocytic activity [20] . Further work is necessary to resolve these important questions.
With regard to the basis for the deficiency of neonatal serum in the generation of CF, however, more definitive data exist. Humoral enhancement of chemotaxis and phagocytosis is dependent, at least in part, on the serum complement system. Chemotactic activity has been associated with low molecular weight split products of the third (C3) [27] and fifth (C5) [24, 28] components of complement, as well as with a trimolecular complex of the fifth, sixth, and seventh components (C5, C6, C7) [30] . Enhancement of phagocytosis has been associated with activity of C3 [11, 12, 14, 21] and, more recently, with C5 [17, 19, 25] . Quantitative deficiencies of C3 and C5 have been shown in sera of normal neonates [9] . In ongoing experiments, the addition of purified C3 and C5 to sera of neonates significantly increased phagocytic and to a lesser extent chemotactic activity. While other serum factors may be involved, it appears that the separate deficiencies of neonatal sera in generation of CF and enhancement of phagocytosis may be related to deficiencies of C3 and C5. Since preincubation of serum at 37° was part of the experimental method, it might be argued that factors involved in generating chemotactic activity are more labile in neonatal than adult serum. This seems unlikely, however, as there was no evidence of increased lability of C3 and C5 in neonatal serum upon varying the time of preincubation from 0-5 min.
The demonstration of normal serum complement Chemotactic function 491 immune adherence levels in neonatal sera is of interest, since this function involves activities of the first four complement components [6] , This finding is not incompatible with the quantitative deficiency of C3 in neonatal sera [9] , since it has recently been emphasized that specific functional activities within the complement system may not be reflected by a single quantitative assay [17] , and the sensitivity of the immune adherence assay is such that it can detect only a few C3 molecules per cell. Since the test is based upon twofold dilutions, however, it is unlikely that the observer will detect less than twofold differences in the C3 concentrations of different populations. Finally, it seems clear that the enhanced susceptibility to infection in neonates cannot be explained simply by a selective deficiency of IgM. Addition of purified human myeloma IgM [33] failed to correct the humoral deficiencies of chemotaxis and phagocytosis in vitro. Further, a deficiency of IgM would not explain the cellular deficiencies demonstrated. It is only by a sequential analysis of the entire inflammatory response in the neonate that these relations will become clear. In addition to learning more of the ontogeny of the immune response, such studies will provide systems for evaluating a wide variety of therapeutic agents now used with relative ignorance in the treatment of neonatal septicemia.
Finally, it should be noted that the data presented in this paper arc based upon in vitro observations. The degree to which they bear upon in vivo activity of the chemotactic response in the neonate remains to be determined.
Summary
In these studies, chemotactic function has been compared between neonates, a group with known susceptibility to bacterial infections, and adults. A modification of the Boyden in vitro assay was developed which made possible the use of human leukocytes (PMNS) and serum throughout. The humoral and cellular components of the chemotactic response were individually compared.
The data showed the following. (2) When incubated in the presence of chemotactic factor generated from standard pooled sera, neonatal PMNS showed significantly less chemotactic migration than adult PMNS. This was true whether the serum factor was generated from gram-positive or gram-negative bacteria or from antigen-antibody complexes. (2) When incubated in the presence of a standard PMNS suspension, neonatal serum was a much poorer source of chemotactic factor than equal amounts of adult sera. This was also true for bacterial or antigen-antibody-gencrating agents.
These data demonstrated two previously unrecognized deficiencies of the neonatal inflammatory response.
